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Abstract The characteristics and evolution of a satellite-observed anticyclonic eddy in the northern Gulf
of Anadyr (northwestern Bering Sea) during March and April 1999 are investigated using a three-
dimensional Princeton Ocean Model (POM). The anticyclonic-like current pattern and asymmetric feature of
the eddy were clearly seen in the synthetic aperture radar (SAR), sea surface temperature, and ocean color
images in April 1999. The results from model simulation reveal the three-dimensional structure of the anti-
cyclonic eddy, its movement, and dissipation. Energy analysis indicates that the barotropic instability (BTI) is
the main energy source for the growth of the anticyclonic eddy. The momentum analysis further reveals
that the larger magnitude of the barotropic pressure gradient in the meridional direction causes the asym-
metry of the anticyclonic eddy in the zonal and meridional directions, while the different magnitudes of the
meridional baroclinic pressure gradient are responsible for the different intensity of currents between the
northern and southern parts of the anticyclonic eddy.

1. Introduction

The Bering Sea is a high-latitude, semienclosed sea with an extensive continental shelf in the east, and a
narrow continental shelf to the west. Like many subarctic seas, the Bering Sea is characterized by seasonal
extremes between winter and summer temperatures. Primary production at the shelf break of the Bering
Sea starts rising in spring and increases throughout summer when eddies develop and play a significant
role in changing the biogeochemistry of the upper ocean [McGillicuddy et al., 1998; Oschlies and Garcon,
1998; Oschlies, 2002; Williams and Follows, 2003]. Previous studies showed high chlorophyll-a (Chl-a) distri-
butions are associated with mesoscale eddies in the Bering Sea [Sapozhnikov, 1993; Mizobata et al., 2002;
Mizobata and Saitoh, 2004; Okkonen et al., 2004]. The region of high primary production in the “Green Belt”
(the shelf break of Bering Sea) roughly coincides with the region of high eddy variability and the eddy-
induced, on-shelf flux of nutrients can enhance primary production from spring to summer at the shelf
break [Mizobata et al., 2008].

Previous modeling studies have investigated the impact of eddies or oceanic processes on the biogeochem-
istry in the Bering Sea [Clement et al., 2005; Maslowski et al., 2008; Clement et al., 2009; Hu and Wang, 2010].
Collectively, the results suggest that mesoscale eddies play a decisive role in the exchange of properties
between the northern Bering Sea shelf and the southern Bering Sea basin. In addition, Wang and lkeda
[1997] and Zhang et al. [2011] confirm the importance of mesoscale instabilities along sloping topography
and their ability to strongly affect local large-scale circulation along the Bering Sea shelf break. A model
study by Kinney et al. [2009] examined the relationship between the Bering Sea currents and on-shelf prop-
erty fluxes. They found that canyons along the shelf break appear to be more prone to eddy activity than
regions without canyons. These eddy activities occur in the shelf break of the central or eastern Bering Sea
and induce higher rates of on-shelf transport. However, to our knowledge, documentation and investiga-
tions of eddy activities in the region of the northwestern Bering Sea are extremely rare, particularly for the
large and relatively steady eddies in the Gulf of Anadyr (Figure 1) during the spring or summer. Thus, it is
interesting and necessary to investigate the characteristics and evolution of eddies in this region.

In this paper, satellite remote sensing data, including synthetic aperture radar (SAR) images, ocean color
and sea surface temperature (SST) data, and model simulation outputs, are employed to demonstrate the
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Figure 1. (a) Bathymetry (unit: m) and the model domain (the red Box).

three-dimensional characteristics and evolution of an anticyclonic eddy that occurred in the northern Gulf
of Anadyr in spring 1999. The surface features of the eddy from satellite observations are given in section 2.
The characteristics and evolution of the eddy from model simulation are shown in section 3. Section 4
presents the energy and momentum analysis to explore the potential mechanisms of eddy generation and
growth. Section 5 gives a summary.

2. Surface Features of the Anticyclonic Eddy From Satellite Observations

The satellite data used in this study include a C-band RADARSAT-1 synthetic aperture radar (SAR) image,
4 km resolution reanalysis sea-surface temperature (SST) from the Advanced Very High Resolution Radiome-
ter (AVHRR), and 4 km resolution chlorophyll a (Chl-a) concentration from MODIS-Aqua and 1/3 X 1/3°
gridded sea-level anomaly (SLA) data from AVISO (Archiving, Validation and Interpretation of Satellite
Oceanographic data).

Figure 2 shows the climatologically monthly mean Chl-a concentration in the Gulf of Anadyr in spring
(March-May) from 2002 to 2014. It is obvious that the concentration of Chl-a is gradually increasing from
March to May. In April, a relatively low Chl-a concentration area in the northern Gulf of Anadyr (indicated by
the black box in Figure2b) is surrounded by higher Chl-a concentration water. Such a low Chl-a concentra-
tion area is coincident with higher climatological SLA observations from AVISO (Figure 2d). Both of the
above data sets suggest a steady and strong anticyclonic eddy with a horizontal scale of over 100 km occur-
ring in the northern Gulf of Anadyr in spring for some years. This anticyclonic eddy can be further confirmed
by the anticyclonic-like current pattern from the SAR image and the warm surface water center from AVHRR
SST anomaly on 18 April 1999 (Figures 3a and 3b). SAR is an active microwave radar that provides high-
resolution (10-100 m) ocean surface imagery under all weather conditions, day and night. Ocean phenom-
ena that interact with the active microwave radar pluses will modulate the radar backscatter signal,
and thus, allowing them to appear as distinguished features in these images [Li et al, 2002, 2008, 2009].
Figure 3a is a RADARSAT-1 scanSAR mode SAR image with a swath width of 450 km and a spatial resolution
of 150 m. The coincidence of the anticyclonic current pattern with the positive SST anomaly implies the fea-
tures of an anticyclonic eddy, i.e., clockwise-rotation and convergence of surface water within the eddy.
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Figure 2. The climatologically monthly-mean log-scaling Chl-a concentration (unit: log(mg m3)) in the Gulf of Anadyr from MODIS data in (a) March; (b) April; (c) May during 2002-2014
(the black-dashed and solid lines are the 200 and 1000 m isobaths, respectively); and (d) climatologically monthly-mean sea level anomaly (SLA, unit: m) in April from AVISO data.

3. Three-Dimensional Characteristics and Evolution of the Anticyclonic
Eddy From Model Simulation

The SAR, SLA, and low Chl-a concentration maps reveal the existence of the anticyclonic eddy in the north-
ern Gulf of Anadyr in the northwestern Bering Sea with a horizontal scale of over 100 km. However, these
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Figure 3. (a) The current pattern from the RADARSAT-1 ScanSAR image acquired at 19:00Z on 18 April 1999 (the white lines are the 300
and 900 m isobaths, respectively) and (b) the AVHRR SST anomaly (unit: °C) on the same day as the SAR image.
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satellite-based observations only provide the surface features of the eddy and it is our goal in this paper to
use high-resolution model outputs from the Princeton Ocean Model (POM) to analyze the three-
dimensional structure and energy of the eddy.

3.1. Model Configuration

The 2002 version of the POM [Blumberg and Mellor, 1987; Mellor, 2004] is employed in this study. The POM
is a 3-D, fully nonlinear, primitive equation ocean model, with the 2.5 order turbulence closure scheme of
Mellor and Yamada [1982] for calculating turbulence viscosity and diffusivity.

The model domain (Figure 1) is from 54.6°N to 62.4°N and 161.4°E to 175.7°E, with a horizontal resolution of
0.04° (about 2.3-4.5km) and 23 vertical layers in sigma coordinate refined in the upper ocean. The Bering
Sea has a Rossby radius of deformation of 12-20 km according to Chelton et al. [1998], thus the horizontal
grid in our model allows us to resolve most of the mesoscale eddies in the region. The one-arc-minute
global relief model of Earth’s topography and bathymetry (ETOPO1) [Marks and Smith, 2006] is used. For the
nearshore region, the model’s minimum depth is set to 10 m, based on a physical stability criterion of
the global stability by Wang [1996]: hmin +{max > 0 where hpi, is the minimum water depth and (s is the
maximum water elevation possibly caused by strong (gusty) winds along the coast. The external and inter-
nal time steps are set to 6 and 240 s, respectively. Monthly mean data from the Simple Ocean Data Assimila-
tion (SODA) reanalysis [Carton et al., 2000a, 2000b] are used for the open boundaries of the domain. The
normal advection of different variables at the open boundaries is governed by the radiation boundary con-
dition [Mellor, 2004].

The initialization procedure of the ocean model includes two steps. First, the POM is integrated from a rest
state of the ocean (i.e., “cold start”). The initial temperature and salinity are from the climatological fields of
the World Ocean Atlas 2001 (WOAO1) for January [Boyer et al., 2002], and the climatological monthly mean
wind stress, heat flux, and shortwave radiation flux are from the National Center for Atmospheric Research
(NCAR)/National Center of Environment Prediction (NCEP) reanalysis [Kalnay et al., 1996]. After a spin-up of
10 model years, the upper ocean can reach a quasi-equilibrium state [Zhang and Qian, 1999]. The second
step is to integrate the POM from 1 January 1998 to 31 December 2010. The daily meteorological forcing
data, including sea surface winds, air temperature, humidity, E-P (Evaporation minus Precipitation), and
shortwave radiation flux are obtained from the NCEP/NCAR reanalysis as well. The tides are incorporated
into the model through the open boundaries with 13 tidal constituents from the OTPS (Oregen State Uni-
versity Tidal Prediction Software) [Egbert et al., 1994].

3.2. Model Validation

To see how well the model simulates ocean interior fields, we validate the model results against the Argo
profiles available in the model region. Argo profiles of 146 are collected from the products in the USGODAE
(US Global Ocean Data Assimilation Experiment, http://www.usgodae.org) in the area of Figure 4a
[160°E~177°°E; 54°N~62°N] in March, April, and May (MAM) during 2003-2010. The RMSEs of modeled tem-
perature and salinity against Argo profiles are calculated as follows:

where x; and y; (i=1,2,3...N) are the modeled and observed samples of any variable such as temperature.
N is the total sampling number. As shown in Figure 4b, the maximum RMSEs of temperature and salinity
are 0.5°C and 0.2 psu, respectively, both of which locate in the thermocline layer (~200-300m). The larger
RMSEs of temperature in the thermocline are probably due to the bias of heat flux calculation which does
not include effect of the sea ice concentration. On the whole, the RMSEs of modeled temperature and salin-
ity are relatively small with a vertical mean of 0.3°C and 0.13psu, respectively. Therefore, the model simula-
tion results are reliable and thus can be used for further analysis.

3.3. Three-Dimensional Characteristics and Evolution of the Eddy

Figures 5 and 6 show the monthly mean current anomalies (vectors), SLA, and the SSTA (SST anomaly) (with
respect to the 12 year mean for 1999-2010) from the model outputs for April 1999. An anticyclonic vortex is
clearly found in the northern Gulf of Anadyr in the northwestern Bering Sea with clockwise anomalous
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Figure 4. (a) Locations of the Argos in March, April, and May (MAM) during 2003-2010; the RMSEs of modeled (b) temperature (unit: °C)
and salinity (unit: psu) against Argo data in MAM during 2003-2010.

currents (Figures 5a and 6) and positive SLA and SSTA (as indicated by the black box in Figures 5a and 5b).
The locations of these anomalies are approximately in the same area as those observed by satellite observa-
tions (Figures 2d and 3). The flow of the northern branch of the eddy follows the arc-like isobaths of 500-
2000m in the northern Gulf of Anadyr, suggesting a link between the eddy and the Anadyr currents flowing
along the 500-2000 m isobaths. The magnitude of the current anomalies reaches a maximum of over
0.2 m/s around 150-300m depth and decreases gradually with depth (Figure 6). The asymmetric feature of
the anticylonic eddy can be clearly seen in different magnitudes of current anomalies in both horizontal
and vertical directions. The zonal current anomalies (especially the positive anomalies in the northern part
of the eddy) shown in the meridional section (Figure 6a) are much larger and deeper than the meridional
current anomalies shown in the zonal section (Figure 6b). For the zonal current anomalies, the eastward
velocity (in the northern part of the eddy) is stronger than the westward velocity (in the southern part of
the eddy), with the former extending to 1700 m (Figure 6a) and the later only to 1200 m (with respect to
anomaly magnitude >0.1 m/s). For the meridional current anomalies, however, the northward velocity (in
the western part of the eddy) is comparable to the southward velocity (in the eastern part of the eddy), and
both are limited to the upper 800-1000 m depth (Figure 6b). In addition, contours of density anomalies in
the meridional section are leaning, while those in the zonal section are relatively flat. The spatial difference
of the vertical depth of the anticyclonic eddy current anomalies may be due to the difference of the baro-
tropic and/or baroclinic pressure gradients. The deep penetration of the anticyclonic eddy could have a sig-
nificant impact on the water exchange between the shelf and the deep basin, which could further influence
the local biogeochemistry processes. Thus, further investigation into the evolution of the eddy as well as
the related energy transformation would prove valuable.

To see the temporal evolution of the eddy, we plot the current anomalies every 10 or 11 days with respect
to the 3 month mean from 11 March to 21 May 1999 (Figure 7). It can be seen that the anticyclonic eddy
was formed in March near 169.2°E, 59°N with a diameter of about 50 km (Figure 7b). At that time, the main
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Figure 5. Monthly mean current vectors (a) anomaly superimposed with SLA and (b) the SSTA (with respect to the 12 year mean of 1999-
2010) of April from the model outputs (the black box and cross sections are referred to in other figures, the black-dashed and solid lines
are the 200 and 1000 m isobaths, respectively).
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Figure 6. Anomalies of density (contours: kg m~3) and normal velocity (shadings; m s~') from model output averaged during April, along
the (a) meridional and (b) zonal sections (indicated in Figure 5) across the eddy.

circulation along the 500-2000 m isobaths was strong. In early April, the anticyclonic eddy moved north-
ward to the location near 169.3°E, 59.3°N with an enlarged horizontal scale and enhanced intensity (Figures
7c and 7d). By late April, the anticyclonic eddy moved westward to the location near 168.3°E, 59.4°N (Figure
7e). Previous studies in the other regions of the Bering Sea also found that mesoscale eddies, which pene-
trate to depths of at least 1000 m [Roden, 1995; Mizobata et al., 2002; Johnson et al., 2004], propagate north-
westward along the shelf break [Okkonen, 2001; Mizobata and Saitoh, 2004]. The anticyclonic eddy was well
developed with a diameter of about 100 km in the zonal direction, twice that of the eddy in March. The
southwestward current anomalies along the 500-2000m isobaths changed to northeastward/eastward
(Figures 7e and 7f). Finally, the anticyclonic eddy dissipated in May (Figure 7h).

The periodical change of speed of currents in the northern Gulf of Anadyr was in pace with the strength
change of the northeasterly winds from March to May 1999 (Figures 7 and 8). In March (Figure 8a), the wind
stress was quite strong compared to April and May (Figures 8b and 8c). In April, the wind stress greatly
decreased, and the preexisting southwestward currents were gradually weakened or even reversed (Figures
7¢, 7d, and 8b). These changes facilitated the relaxation of the pressure gradient formed in March with the
strong wind stress and were favorable for the formation of an anticyclonic eddy. At the “dissipating” stage
in May, the winds continued to relax (Figure 8c), which resulted in the reverse of the current anomalies
shown in the early March (Figures 7f and 7g). During the whole evolution process, the anticyclonic eddy
moved northwestward from March to April and dissipated in May. The relation between the growth of the
anticyclonic eddy and the Anadyr currents can be further confirmed by a linear solution of the stability
equation for the wave growth based on the idealized zonal Anadyr currents, which suggests that it is the
relaxation or instability of the Anadyr current along the 500-2000 m isobaths during April that leads to a
positive growth rate of the anticyclonic eddy (Appendix A).

To further investigate the effect of wind variation on the eddy generation and growth, an additional experi-
ment is performed besides the aforementioned experiment (denoted as “CTRL”). The additional experiment
is the same as “CTRL" except that the wind field is fixed since 15 March 1999 (denoted as “FIXED"). The
results are shown in Figure 9. An anticyclonic current and higher SLA can be seen in the “CTRL" run (Figure
5a), but no apparent eddy with SLA over 0.04 m is found in FIXED (Figure 9). The results indicate that the
relaxation of wind field in spring 1999 is the main factor for the generation and growth of the anticyclonic
eddy.

4. Energy and Momentum Analysis

Previous studies suggested that instabilities in the mean flow, wind forcing, and topographic interactions
are the important factors for eddy generation mechanisms [e.g., Mizobata et al., 2008; Paluszkiewicz and Nie-
bauer, 1984; Schumacher and Stabeno, 1994]. As shown in section 3.2, the evolution of the anticyclonic eddy
is highly associated with the variation of the strength of wind stress and the Anadyr current (Figures 7-9,
Appendix A), suggesting a potential mechanism for the generation and growth of the eddy. In this section,
we will examine the relative contributions from the wind stress work and the current-induced barotropic
and baroclinic energy transfer to the eddy energy variation during the evolution of the anticyclonic eddy.
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Figure 7. The monthly mean current anomaly pattern (vectors) superimposed with SLA (shadings, unit: m) of (a) 11 March; (b) 21 March; (c) 1 April; (d) 11 April; (e) 21 April; (f) 1 May; (g)
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Figure 8. Vectors and velocity (shadings, unit: m s~ ') of monthly wind at 10 m in (a) March; (b) April; and (c) May from NCEP reanalysis.

4.1. Energy Transfer Induced by Current Instability

Eddy-related energy could be calculated from the model output to quantitatively estimate the contributions
from various mechanisms during the development of the anticyclonic eddy. Eddy kinetic energy (EKE) and
eddy available potential energy (EPE) per unit mass are defined as [Boning and Budich, 1992]:

_ 1 12 12
EKE= > (u y ) )
g9p"
EPE=— " (3)
20(dpo(2)/32)

in which g is gravitational acceleration, p(x,y,z,t)=p(x,y,z,t)—po(z) with py(z) is a depth-dependent
background density and temporally averaged from March to May, and p,(z) is the potential density of the
background state. Prime denotes the deviation from the mean state that is averaged from March to May in
1999, i.e, u=u+u, v=v+Vv, p=p+p’, where the overbar denotes the time average from March to May.

The energy transfer between the mean and eddy potential energy or between the mean and eddy kinetic
energy could be illustrated by the four-box energy diagram [Lorenz, 1955; Boning and Budich, 1992; Beck-
mann et al,, 1994]. Some insight into instability mechanisms can be gained by considering energy transfer
from mean to eddy energy. Following Boning and Budich [1992], Brown and Fedorov [2010], and Zu et al.
[2013], the interactions between eddy and mean flow are defined as:

g /~/6; ! 16;)
N=———(up'—+Vvp'— (4)
p(dm(z)/dz)( Pox TP oy
and
ou ov  ou v
= (e +uv [+ )y 2L
T4 (uu E® uv (6x 8y) 8% 8y)’ (5)

where T2 represents the conversion between the mean potential energy (MPE) and EPE, and T4 is the work
of the Reynolds stress against the mean shear, namely, the conversion between mean kinetic energy (MKE)

LI ET AL.

ANTICYCLONIC EDDY IN THE GULF OF ANADYR 8


https://www.researchgate.net/publication/227701545_Available_Potential_Energy_and_the_Maintenance_of_the_General_Circulation?el=1_x_8&enrichId=rgreq-ddd1267d5d135b6fe059a8e7cd7f446c-XXX&enrichSource=Y292ZXJQYWdlOzMwMTk0NDY3NztBUzozNjc4ODYyODQ2NzMwMjVAMTQ2NDcyMjMzMzcxMA==

@AGU Journal of Geophysical Research: Oceans

10.1002/2015JC011586

unit: m
61°N 0.1
0.08
0.06
0.04
go°n 0.02
0
e T
-*‘. o ',// -0.02
A
e L S IR
*“_‘_. ,,w\\, -0.04
T e
50°N mm ] AT .7y 006
et s : |
I et T RN S ST : -0.08
IR s e
-0.1

167°E

Figure 9. The same as Figure 5a except for the experiment FIXED.

and EKE. A positive value of T2 indi-
cates a baroclinic instability (BCI), while
a positive value of T4 indicates a baro-
tropic instability (BTI).

Figures 10a and 10b show the horizon-
tal distributions of vertically integrated
(upon 400 m) EKE and EPE averaged
during April. An energetic region is
found in the northern Gulf of Anadyr,
especially with respect to the EKE. Sim-
ilar to the pattern of current anomalies
(Figure 7), the EKE is high along the
59.8°N latitude (in the shelf slope of
~500-2000 m isobaths) and around
59.2°N latitude (in the basin with
depth of ~3000 m), indicating an
asymmetrical feature of EKE distribu-
tion. The vertical integrations of T4 and

T2 in the upper 400 m also show strong BTl and BCl in the area where the anticyclonic eddy located, sug-
gesting that large energy is transferred from the mean flow to the eddy. In general, the magnitude of BTl is
much larger than that of BCl in the area where the anticyclonic eddy is located, implying that the BTl pro-
cess is more important for the growth of the anticyclonic eddy. The enhanced BCl in this area is probably
caused by the density difference between the shelf break water and deep ocean water. The strengthened
BTl is probably due to the variation of the Anadyr current and the strong large-scale wind stress (Figure 8)
that changes the velocity shear of the upper layer currents, as schematically illustrated in Figure 11.

4.2. The Energy Budget Analysis

Energy budget analysis can provide insights on the generation and growth of an eddy. Besides the BTl and
BCl induced by a pressure gradient discussed previously, the variation of the EKE is balanced by terms of
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Figure 10. Horizontal distribution of vertical integrated monthly mean (a) EKE; (b) EPE; (c) T2; and (d) T4 (unit: m? s~2) in the upper 400m
averaged during April. The black box shows the average location of the anticyclonic eddy (the black dashed and solid lines are the 200
and 1000 m isobaths, respectively).
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wind stress work, Coriolis force work, advection of EKE, and friction work. Here, we employ the following
vertically integrated momentum equations [Mellor, 2004]:

ouD _ u’D _ duvD

+F'X+Gx+va—gD8—Z

AD COR PBT
gD (° (°[.90 OD ,ap (6)
_g9v dp' 9D ,0p" ., N )
Po L L {D ox  ox’ aa}d“da (wu(0)) +(wu(—1))
and
ovD _ ovD duvD | - on
= =T - +F,+G,—fuD—gD ="
at ay ax y Y u g ay
AD COR PBT
D 0 0 90 oD 9o (7)
-2 | {D_p__a,_ﬂ]da,do__ O {1
polorls | Oy Oy O (wv(0))+(wv(—1))
PBC ws BOT ,

where x, y, and z are the conventional Cartesian coordinates; g is the sea level; D= H + 5 is the total water
depth, with H (x, y) being the bottom topography and 7(x, y, t) the surface elevation; o is the sigma coordi-
nate ranging from ¢ =0 at the sea surface to ¢ = —1 at the bottom; p and p’ are the density and density
perturbation, respectively. Terms 1-6 on the right hand side of equations (6) and (7) are referred to nonlin-
ear advection and diffusion (AD), Coriolis force (COR), barotropic pressure gradient (PBT), baroclinic pressure
gradient (PBC), bottom friction stress (BOT), and surface wind stress (WS). To calculate the EKE defined by
equation (2), we rewrote equations (6) and (7) in the form of perturbation:

D ! U / ] J J J

(%) =AD,+COR,+PBT, +PBC,+WS,+BOT,, )
D\' . . , ) ,

(%) =AD, +COR, +PBT, +PBC,+ WS, +BOT,, 9)
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where the prime denotes the deviation from the mean state of March-May in 1999. Then the approximate
EKE tendency equation can be obtained by a combination of equations (8) and (9), i.e., (u" - (8)+V' - (9))/D,
which leads to

OFKE
ot
Tendency WAD WCOR

(U -AD,+V - AD,+u - COR,+V' - COR,

+u' - PBT,+V'- PBT,+u' - PBC,+V' - PBC, (10
WPBT WPBC
+u' - WS, +v' - WS, +u' - BOT,+Vv' - BOT,)/D
WWSs WBOT

Terms in equation (10) are referred to as the works of advection and diffusion (WAD), Coriolis force (WCOR),
pressure gradient, wind stress (WWS), and bottom friction (WBOT). The work of pressure gradient consists
of two parts: barotropic and baroclinic pressure gradients (WPBT and WPBC). It should be noted that the
WWS defined here is the “direct” wind effect on the EKE. Total wind stress work could be divided into the
two parts that are associated with MKE and EKE, respectively; the wind stress work on the mean flow does
not directly affect EKE, but through other processes such as BTI. The increased horizontal or vertical shears
of the mean current induced by winds might lead to the growth of instability and the transfer of MKE into
EKE through the T4 term. The time-series of each term in equation (9) are shown in Figure 12, which are
area-averaged within the black box in Figure 5 and vertically integrated. There are two peaks of positive
EKE tendency in April (i.e., 31-60 days), suggesting the development of the eddy with increasing total EKE.
It is obvious that the contribution of WPBT (the green line in Figure 12) to the increase of EKE dominates
among all other terms. This fact implies that the growth of the eddy is mainly due to transfer of MKE to EKE
through the BTI mechanism, i.e., the changes of Anadyr current and wind stress. The effect of the “direct”
wind forcing on the EKE (WWS) is seen in the first peak of EKE increase, but is much smaller than the effect
of WPBT. In contrast, the role of WPBC acts to restrict the growth of the eddy with its magnitude compara-
ble to that of WPBT; negative values of WPBC suggest a dissipation of EKE through baroclinic processes. The
other terms such as the WBOT have limited contributions to the EKE as their magnitudes are much smaller.
Therefore, the WPBT associated with the BTl is the main factor of the anticyclonic eddy growth in the north-
ern Gulf of Anadyr.

4.3. The Momentum Budget
Analysis of the Anticyclonic Eddy
Momentum budget analysis can
explain the elliptic structure of the
anticyclonic eddy, i.e., why the zonal
velocity of the eddy is stronger than
the meridional velocity. Terms in equa-
tions (5) and (6) are normalized by D
(the total water depth) in this study.
The momentum budgets in the zonal
direction along 59.4°N and meridional
direction along 168.3°E (indicated in

—WCOR
WPBT Y

-6

---WPBC Figure 5) are shown in Table 1. In the
-8 WWS10 zonal direction, positive (negative) val-
WBOL f the COR t northward

Tendency*10 ues of the represent northwar
-10 . . L ’ (southward) current anomalies. In the

MAR 20th MAR 30th APR 9th APR 19th APR 29th MAY 9th

Days meridional direction, positive (nega-
tive) values of the COR represent the
Figure 12. The time series of each energy term anomalies and the residue of all westward (eastward) current anoma-

the terms (units: m® s~2) averaged over the anticyclonic eddy area (the black box l | b h he COR i
indicated in Figure 5). The wind stress work term and the residue have been les. It can be seen that the Is
amplified 10 times for visibility. mainly balanced by the pressure
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gradient terms PBT and PBC. Therefore,

Table 1. The 30 Day Mean Momentum Term Anomalies (units: m> s~ of the . 3 . . ) .
the eddy circulation is primarily domi-

Four Parts of the Anticyclonic Eddy in the Zonal and Meridional Momentum

Equations in April nated by the geostrophic balance as
Zonal Section Meridional Section schematically shown in Figure 13. The
West East . N, residual of the geos‘trophlc balance is
one order of magnitude smaller than

AD 3.13 -0.89 443 7.24 .
COR 36.05 4518 73.06 _127.85 the COR and pressure gradient. The val-
PBT —7273 65.75 —150.22 154.54 ues of the PBT are the largest among all
P L = 7k =ER2 the terms, indicating that the barotropic

ws 0.19 0.26 0.10 0.13 L

BOT 007 004 0.02 023 pressure gradient is the control factor of

the balance. This is consistent with the
early discussion that BTl is the main
energy source of the anticyclonic eddy. Moreover, the values of the PBT in the meridional section are larger
than those in the zonal section; this could be the main cause of the asymmetry of the currents of the anticy-
clonic eddy in the two directions. It is also interesting to note the asymmetry of the current intensity in the
meridional section, i.e., the magnitudes of the zonal velocities in the northern part of the meridional section
(eastward currents) are much larger than those in the southern part (westward currents) (also see Figure
6a). This is probably due to differences in the PBC magnitudes. As shown in Table 1 and Figure 13, the geo-
strophic balance is between the PBT and COR + PBC (i.e., COR+PBC~-PBT). Since the magnitudes of the
PBT are comparable and the COR has the same sign as the PBC, the smaller magnitude of the PBC in the
northern part of the meridional section results in the larger magnitude of the COR (larger eastward current)
compared to that in southern part.

5. Conclusions

An anticyclonic eddy in the northern Gulf of Anadyr was detected by a SAR and satellite SST images
on 18 April 1999. This eddy can also be identified in the climatological surface Chl-a and SLA maps in
April, with a horizontal scale of over 100 km and an asymmetrical shape. The POM model is able to
simulate the asymmetrical structure and evolution of the anticyclonic eddy. Both the model simulation
and climatological surface Chl-a show that the anticyclonic eddy was generated in March, moved

northwest and matured in April, and

5 finally dissipated in May. Sensitive
g;é‘ experiments and energy analysis
_EEE reveals that the relaxations of the
é pressure gradient and currents
PmssmgradiemT formed in March along with a strong
g:z * wind stress play a significant role in
"'—’ Current the energy conversion from MKE to
Saalsteres EKE (the barotropic instability), and
Coriolis  Pressure gradient that the work of the barotropic pres-
_ Current' /— ) forncel (FBTU+ ;Bcl) ) R X p P
cha{lv::;:!t)lan -~y Anticycloniceddy o o onalsection sure gradient associated with the
Pressure gradient Coriolis (pOSItIVe SLA) (east) barotro ic inStabI|lt iS the main fac_
(PBT + PBC) force lCurrent p Yy
K\/ tor of the growth of the anticyclonic
1‘ Coriolis force eddy. The momentum analysis
Current !—T s gradlent reveals that the larger barotropic

pressure gradient in the meridional
direction results in the asymmetry of
the anticyclonic eddy in the zonal
and meridional directions. In addi-
tion, the different magnitudes of the
meridional baroclinic pressure gradi-

ent are responsible for the different
Figure 13. A sketch of geostrophic balance of the anticyclonic eddy with 30 day . . f 1l b h h
mean momentum term anomalies (Pressure gradient = Barotropic pressure gra- intensity o flows between the north-
dient + Baroclinic pressure gradient, units: m* s~ ). ern and southern parts of the

PBT

—

Meridional section
(south)
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Wind and currents anticyclonic eddy. The mechanism
relaxation and dynamical processes of the anti-
' cyclonic eddy are schematically illus-

BTl trated in Figure 14. Furthermore, the
Difference of flow . . . .
Asymmetry between PBT PBC\ intensities between antlcydonlc eddy found in thls StUdy
zonal and meridional <;:| Eddy growth I::) the northern and may have |mpact on the biogeochemis-
directions southern parts

try processes in the region, which can be

Figure 14. Schematic diagram illustrating the mechanisms of eddy growth and InveStlgated using a bIOQGOChemIStry-

formation of the asymmetric structure. BTl denote the barotropic instability, PBT physics coupled model in our future
denote the barotropic pressure gradient, and PBC denote the baroclinic pressure work.
gradient.

Appendix A: A Linear Solution for the Wave Growth Due to the Instability
of Basic Flow

As discussed in section 3, the anticyclonic eddy is associated with the mean flow of the Anadyr currents
flowing along the 500-2000 m isobaths. The relationship between eddy growth and basic flow can be
explained by the linear and nonlinear solutions of the barotropic and baroclinic instabilities radiated from a
jet [Pedlosky, 1993; Kamenkovich and Pedlosky, 1996, 1998a, 1998b; Hristova et al. 2008; Wang et al., 2013].
Generally, the instability problem can be addressed by a simple barotropic quasi-geostrophic model, which
is described by the barotropic vorticity equation:
ol 5

o HW,q)=Fand (=V=y+fy (A1)
where 1 is stream function, { potential vorticity, F an external forcing and friction, J the Jacobian operator,
and f the Coriolis parameter.

To simplify the problem, let us consider a basic state with a parallel zonal western boundary current t(y).
We set x = 0 at the center of the Gulf of Anadyr currents, and x = —L,/2 or L,/2 (L, = 200km in this study) at
the boundary where the current speed is assumed to be zero. The linearized equation (A1) becomes

0 0
(55052 ) 20 B0yt =0, a2

where *=pL%/U is the nondimensional beta, and F(i) is the frictional damping on perturbations, which is
neglected for the linear simulation. A normal mode solution is assumed in x and t for perturbation:

Y= (x)e ), (A3)

0.25 . ! . ’ ] ’ where k=2nn/L, is zonal wavenumber,
c is zonal phase speed. Substituting
equation (A3) into (A2) results in a
Sturm-Liouville eigenvalue problem,

B 2 Uy \_
¢yy+ik(u—c) Py (k U—c) =0
(A4)

The growth rates

This is the stability equation for an invis-
cid, barotropic, and quasi-geostophic
— March-20 ] zonal current. Previous studies either fur-
-0.15} ====April-20 1 ther simplified it to an ordinary differen-
. i . . . 9"May-20 tial equation system by choosing a step
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 function or a continues profile to repre-

Wavanumber sent the boundary current @. In this

Figure A1. (a) The growth rates (w)) as a function of wavenumber k and (b) the StUdy’ the model outputs from POM
imaginary along with the real part of » on 20 March, 20 April, and 20 May. along 500-2000 m isobaths in the black

'
od
o
@
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box indicated in Figure 5a are used for the current and stream function estimate, from which we can solve the
time dependent relationship between wavenumber and phase speed. The imaginary part ; of ¢ represents the
linear growth rate which is a function of wavenumber k (w; = kci), with a positive value of w; indicating the
wave (or eddy) growth due to instability of the basic flow. As shown in Figure A1 the growth rate on 20 April is
positive but negative on 20 March and 20 May, suggesting that the relaxation or instability of the Anadyr current
along the 500-2000 m isobaths during April leads to a growth of the anticyclonic eddy. The linear growth rate is
larger at smaller wavenumbers, indicating those waves with larger wavelength 1 = 2r/k are easier to be radiated
(24 > 200 km in this study).
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